Good prediction of scour depth over time is essential for the design of river bridge foundations. In this study, two empirical models are developed to predict the temporal variation of local scour at uniform-section bridge abutments and those with enlarged bases, known as 'compound' abutments. The concepts of the principal vortex and the volumetric rate of sediment transport theory are employed to develop the models. The critical bed-shear stress at the scour hole is chosen as a criterion to determine the equilibrium scour depth. To validate the models, experiments are conducted on compound and uniform abutments under clear water conditions. A comparison between the calculated and observed data indicates that the models are able to predict the temporal variation of the scour depth with reasonable accuracy, particularly for abutments with short lengths.
Notation

Q3
A st cross-sectional area of principal vortex within scour hole during scour process at time t A t total area of the primary vortex A 0 cross-sectional area of principal vortex before scouring 
Introduction
Local scour around a pier and abutment is the main reason for bridge failure. Local scour is caused by the development of three-dimensional vortices around the abutment. An accurate prediction of the scour depth at the abutment is very important for the design of bridges because it affects the determination of the foundation depth. Underestimation of the scour depth can lead to a shallow foundation depth, thus providing a chance to expose the foundation to the scour hole, which is dangerous for bridge safety. However, overestimation of the scour depth results in an uneconomic bridge design (Kumar and Kothyari, 2012) .
Recently, different techniques using empirical, mathematical and soft computing methods have been recommended to solve problems in civil engineering (Mohammadpour et al., 2013a (Mohammadpour et al., , 2015 . The temporal variation of local scour around abutments and piers is an essential aspect of hydraulic engineering (Dey and Barbhuiya, 2005) . Therefore, a robust technique is necessary for accurate prediction of local scour. The temporal variation of scour depth around uniform piers was investigated by Chabert and Engeldinger (1956) ,
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Shen et al. (1969) , Yanmaz and Altinbilek (1991) , Kothyari et al. (1992) and Mohammadpour et al. (2014b) . The most complete work was conducted by Ettema (1980) with different types of sediments. Melville and Chiew (1999) developed a method for predicting the temporal variation of scour at piers based on the data of Ettema (1980) and their new experimental data. Mohammadpour et al. (2013c) investigated the temporal variation of local scour at short abutments, L/y < 1 (where L and y are the length and the flow depth, respectively). They reported that approximately 80-90% of the maximum scour depth occurred during the initial 20-40% of the equilibrium time. Recently, the significance of the temporal scour has been further emphasised over the equilibrium scour depth (Ahmed and Rajaratnam, 2000; Ballio and Orsi, 2001; Ballio et al., 2010; Cardoso and Bettess, 1999; Chang et al., 2004; Kothyari and Ranga Raju, 2001; Mohammadpour et al., 2011; Oliveto and Hager, 2002) .
Numerous studies have been conducted to estimate the scour depth at abutments (Ballio and Orsi, 2001; Cardoso and Fael, 2010; Coleman, 2005; Coleman et al., 2003; Mia and Nago, 2003; Mohammadpour et al., 2013b; Oliveto and Hager, 2002; Yanmaz and Kose, 2007) . These studies have mostly focused on abutments with uniform cross-sections (or geometry).
However, for technical and economic reasons, actual abutments are constructed in the piles group with the foundation (Ataie- Ashtiani et al., 2010; Sheppard and Glasser, 2004) . The flow pattern around the compound abutment/pier (or pier) is different from those around uniform abutments/piers Q5 (Kumar and Kothyari, 2012) . A few studies have been undertaken to predict the equilibrium depth of the local scour at compound piers (Coleman, 2005; Ferraro et al., 2013; Q6 Jones et al., 1992; Melville and Coleman, 2000; Melville and Raudkivi, 1996; Mia and Nago, 2003; Mohammadpour et al., 2014a; Moreno et al., 2012; Parola et al., 1996; Sheppard and Glasser, 2004) . Q7 Even fewer studies are available related to the temporal variation of scour around compound piers (Kumar et al., 2003; Lu et al., 2011; Melville and Raudkivi, 1996) . Melville and Raudkivi (1996) developed a method to predict the maximum scour depth around compound piers. Mia and Nago (2003) proposed a semi-empirical model to estimate the temporal variation of scour at uniform circular piers. This method was modified by Lu et al. (2011) to calculate the temporal scour depth at compound piers with unexposed foundations. They used the volumetric rate of the sediment transport equation of Yalin (1977) and the concept of primary vortex (Kothyari et al., 1992) to develop the model.
Despite the extensive use of compound abutments, there is limited information about the temporal variation of local scour around compound abutments. A compound abutment includes a rectangular abutment placed on top of a larger rectangular foundation with or without piles. However, if the effect of the foundation is integrated into the estimation of the scour depth, the conservative approach would be unnecessary. Therefore, an attempt to predict the temporal variation of local scour at compound abutments is necessary.
The main objective of this study is to develop two empirical methods for the prediction of temporal variation of local scour at uniform and compound abutments. The models were developed based on the concept of the horseshoe vortex and the volumetric rate of sediment transport theory. To verify the proposed models, experiments were conducted under clear water conditions and the computed results were compared to the observed data.
Experimental set-up
All of the experiments were conducted at the REDAC Physical Modelling Laboratory of the Universiti Sains Malaysia. The experimental investigations were conducted in a flume of 6·0 m long, 0·6 m wide and 0·6 m deep. The flume was equipped with a 0·25 m deep sand recess through the channel with several floatable screens located at the flume inlet to reduce the flow turbulence. A camera was fixed inside the transparent abutment to monitor the progress of the scouring process. The scour depth was measured by a ruler that was fixed at the abutment nose, and a picture was taken by the camera every 4 min (Figure 1 ).
Three short, uniform abutments and four short, compound abutments were used to determine the time variation of local scour (Table 1) . For the short abutments, a ratio of L/y < 1 was selected for both the uniform and compound abutments (Figure 2 ). For this type of abutment, Melville (1992) showed that the depth of flow has no effect on the scour depth. The discharge was controlled by a valve at the flume inlet and was measured using a calibrated V-notch weir at the flume outlet.
For all of the experiments, uniform sand was used with d 50 = 0·60 mm and a geometric standard deviation of σ = 1·2. To maintain clear water conditions, the mean flow velocity was set close to the critical velocity of the sediment (U c ), where Uc was estimated using the Shields diagram and the expressions given by Melville and Coleman (2000) . At the end of each experiment, the water was drained off carefully without any disturbance in the local scour. A point gauge with an accuracy of ±1 mm was used to measure the topography of the scour hole around the abutments.
Test duration
In the clear water conditions, the equilibrium scour depth is achieved asymptotically with time (Melville, 1992; Melville and Chiew, 1999) . Because the development of the scour hole never stops (Oliveto and Hager, 2002) , several definitions were recommended for equilibrium scour depth from previous studies. In the practical tests, the duration of the experiments was selected based on other criteria. Kumar et al. (1999) stopped their experiments when the scour depth did not change by more than 1 mm over a period of 3 h. Mia and Nago (2003) stopped their tests when the variation of the scour depth was less than 1 mm over 1 h. Ferraro et al. (2013) showed that the different durations are attributed to the different thicknesses and locations of the pile cap. However, in a complex pier, a higher scouring rate and a longer time to reach equilibrium were observed when a thicker pile cap was used.
In this study, long duration experiments were conducted for the uniform abutment of AB 2 (~67 h) and AB 3 (~84 h). Mohammadpour et al. (2013b) showed that more than 90% of the maximum scour depth around an abutment can be obtained after 42 h (2500 min). However, after this time, the variation of the scour depth was observed to be less than 1 mm for each time interval of 7 h; this criterion was also used Table 1 . Abutment geometry characteristics for the present study Figure 2 . Compound vertical wall abutment (Mohammadpour, 2013) 3
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Scour mechanism at uniform and compound abutments
The flow patterns around abutments are very complex, and the flow complexity increases with the development of the scour hole (Ghodsian and Vaghefi, 2009 ). The flow pattern around an abutment can be categorised into four components: a principal vortex, wake vortices, a down-flow and a secondary vortex (Figure 3 ).
The vortices around the abutment develop the local scour in three parts: in front of, to the side of and downstream of the abutment (Dey and Barbhuiya, 2005) . The down-flow at the upstream face of the abutment and the principal vortex at the base of the abutment are the main causes for the development of the scour hole. The shape of the principal vortex is elliptical with inner and outer core regions (Kwan and Melville, 1994) . The wake vortices are created downstream of the abutment due to the separation of flow around the abutment. The secondary vortices rotate in the opposite direction of the primary vortices and develop a small hole on the outside of the initial scour hole. Before the presence of the foundation in the scour hole, the trend of scouring at a compound abutment is similar to that of a uniform abutment. However, if the foundation appears into scour hole
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at a compound abutment, it weakens the vortices in front of the abutment and postpones the scour process. During this time, the flow develops the scour hole parallel to and in front of the abutment.
Over time, the scour hole in front of the abutment is gradually enlarged, especially at the foundation nose, and a shallow groove develops around the foundation. Subsequently, the scour depth increases due to the formation of another vortex upstream from the foundation.
Scour zones
To investigate the effects of the foundation level (Z f ) on a compound abutment, three locations (cases) were considered for the foundation level. In case I, the foundation level was located below the equilibrium scour depth (Figure 4 ). In case II, the scour depth reached the top of the foundation. In this case, the principal vortices were weakened by the foundation. In case III, the top of the foundation was located within the scour hole. In Figure 4 , the instantaneous scour depths for Case I will occur when the abutment has a small dimension or the foundation is located at a high level (under the equilibrium scour depth, d se ). In this case, the compound abutment is similar to the uniform abutment with a maximum scour depth of 2L (Melville, 1992) . In case II, the foundation limits the development of scouring and the instantaneous scour depth (d st,II ) remains constant at the foundation level (Z f ).
Mohammadpour (2013) indicated that this case can be observed in the range of 1 < Z f /L < 2 and the scour depth is approximately equal to the foundation level (d s~Zf ).
In case III, the foundation exposes into Q9 the scour hole, and the foundation size (L f ) influences the scour hole. This condition was observed for 0 ≤ Z f /L < 1.
Proposed model for uniform abutment
The empirical model was developed based on the concept of the horseshoe vortex at the abutment. Referring to the method proposed by Mia and Nago (2003), the bed-load sediment transport equation of Yalin (1977) can be employed to compute the time variation of local scour at uniform and compound abutments. The sediment transport rate at any time is defined by the following equation
where q wt = the sediment transport rate in weight per unit movable width of the scour hole; Δ = (ρ s −ρ)/ρ; ρ s = the mass density of the sediment; ρ = the mass density of water; γ s = ρ s g; d 50 = the median size of the sediment; g = the acceleration of gravity; u *t = (τ t /ρ) 0·5 ; τ t = the bed-shear stress at the abutment nose at time t; β = a constant to be determined; and s t = an excess dimensionless tractive force at time t that can be expressed by (Lu et al., 2011) 2:
where u *c = (τ c /ρ) 0·5 and τ c = the sediment critical shear stress.
The value of a can be obtained from the following equation (Lu et al., 2011) :
The volumetric sediment transport rate per unit movable width (q st ) can be determined as
4:
q st ¼ q wt ð1 À eÞ Δγ s where e = the porosity of the sediment and is a fraction of the void volume over the total volume. The q st can be expressed using Equations 1 and 4 as 5: Predicting scour at river bridge abutments over time Mohammadpour, Ab. Ghani, Zakaria and Mohammed Ali
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In this study, the scour hole around the abutment was approximated by half of a frustum of the inverted cone, where the angle of the frustum is equal to the sediment angle of repose (Ø). The shape of the scour hole can remain almost constant and just become larger with respect to time with a diameter at the base equal to the abutment length (L). However, the volumetric expressions of the scour hole can be derived with regard to this approximation (Mia and Nago, 2003; Yanmaz and Altinbilek, 1991) . As shown in Figure 5 , the volume of the scour hole around a uniform abutment was calculated as 6:
where B = the width of the abutment; L = the abutment length; and x and z are time-dependent coordinates of the scour hole. Writing x in terms of z, as shown in Figure 5 , and integrating leads to
The surface width of the scour hole at time t is equal to d st /tan Ø ( Figure 5 ). Therefore, the volume of the scour hole per unit movable width of the scour hole at time t can be determined as 8:
The solution of this equation for d st is expressed as:
where q vt should be defined. As shown in Figure 6 , A 0 is the cross-sectional area of the principal vortex before scouring, and A st is the cross-sectional area of the principal vortex within the scour hole during the scour process at time t. Then, the total area of the primary vortex (A t ) can be expressed as: 
10:
where D v = the diameter of the principal vortex; y = flow depth; and L = the abutment length.
The presence of obstacles is well known to increase the sensitivity of the motion of sediments in their vicinity. Chabert and Engeldinger (1956) suggested that no scour would occur at a pier for U/U c < 0·5, where U is the mean velocity upstream from the obstacle, defined as the discharge divided by the flow cross-sectional area, and U c is the critical velocity of the sediment. Chiew (1995) suggested that the critical value of U/U c is 0·3. Hager and Oliveto (2002) showed that this value depends on the flow contraction. Fael et al. (2006) indicated that the critical flow for scour inception at the abutment decreases with increasing L/y, and for a long abutment with L/y > 5·56, this value is smaller than 0·5. Cardoso et al. (2002) corroborated the conclusion of Chabert and Engeldinger (1956) for short abutments. In the present study, all of the experiments were conducted for short abutments; therefore, the value of U/U c ≥ 0·5 was chosen for scour inception. 
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The scour initiates at a vertical wall abutment when u* ≥ 0·5u c * (Dey and Barbhuiya, 2005) , where u* = the shear velocity of the approach flow and u c * = the critical shear velocity of the bed sediment. To estimate the flow shear velocity, the logarithmic mean flow velocity for a rough bed can be expressed as
14:
U u Ã ¼ 5Á75 log y 2d 50 þ 6
where U = the mean velocity and y = the flow depth. The flow velocity and shear stress around short abutments (L/y < 1) were investigated by
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Ahmed and Rajaratnam (2000) . They found that the bed shear stress increases substantially near the abutment and reaches a maximum value at the abutment nose. In addition, before the scour begins (or when A t = A 0 ), the shear stress at the nose of the abutment (τ *t ) was estimated to be equal to 3·63 times the upstream bed shear stress (τ * ). Therefore, with respect to Kothyari et al. (1992) can be modified for an abutment to describe the temporal variation of the bed shear stress at the nose of the abutment as 15:
where u *t = the temporal variation of the bed shear velocity at any time t at the nose of the abutment. At the equilibrium condition (d st = d se ), the area of the scour depth (A se ) is equal to 0·5d se 2 /tan Ø ( Figure 5 ). However, in this state, the scour depth at the nose of the abutment is fixed and equal to d se . Then, u *t can be assumed to equal to u *c and another form of Equation  15 for the equilibrium time is
In Figure 7 , the experimental data from the present and previous studies were used to estimate the coefficient. The value of C was found to be 0·16. In addition, the experimental data were also employed to determine the constant β in Equation 5. As shown in Figure 8 , the value of aq st /d 50 u *t was plotted against 1 + as t , and a value of 5·0 was obtained for β. Then, Equation 5 can be rewritten as 17:
The sediment transport rate (q st ¼ ðq vt n À q vtnÀ1 Þ=ðt n À t nÀ1 Þ) was used to estimate q st at any time step of n. However, the scour depth at any time step of n can be determined in terms of q vt as 18: 
The following steps that were modified from Mia and Nago (2003) were recommended for the computation of the scour depth at an abutment under clear water conditions. The input data include the flow depth (y), the approach mean velocity (U), the critical velocity of the sediment (U c ), the abutment dimensions (L and B), the sediment angle of repose (Ø) and the median size of the sediment (d 50 ).
(a) Calculate the fixed value of A 0 , u * and u *c using Equations 11, 12 and 14. (b) At the first time step (t 0 = 0 and n = 0), no scour has occurred (d st0 = 0 and q st0 = 0), so A st = 0, and A t = A 0 . 
Proposed model for compound abutment
This method is presented for the cases where the foundation of a compound abutment is located below the initial bed level ( Figure 4) . As mentioned previously, three conditions arise for the calculation of local scour. In case I, the foundation level is located below the scour hole and the foundation has no effect on the local scour. In this case, the proposed methodology for a uniform abutment can be used to predict the scour depth.
In case II, the principal vortices in front of the abutment are weakened by the foundation, and the scour depth is confined by the top of the foundation. In such cases, the foundation is similar to an obstacle for the vortices, and the principal vortex rests on the top surface of the foundation. In these conditions, no further scour occurs at the upstream portion of the footing and the principal vortices just expand the volume of the scour hole to the sides and downstream of the abutment. 
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In case III (0 < Z f /L ≤ 1), at first, the principal vortex increases the scour depth to the top of foundation. As shown in Figure 9 , owing to the effect of the foundation, the scour depth is considered to be fixed at the Z f level for a specific time (time lag). During the time lag, the principal vortices expand the scour hole horizontally over the top surface of the foundation.
This time (or time lag) is equal to the duration of the scour process at a uniform abutment for a depth equal to (B f − B)/2 (Figure 9 ). After this step, the foundation is exposed to the scour hole and another principal vortex is generated by the foundation. Therefore, the total time lag needed to create a principal vortex in front of the foundation is equal to the time lag mentioned above, plus the required time for the scour to reach the top of the foundation, Z f (Figure 9 ). Therefore, for calculating the total required time lag, the equivalent scour depth (d es ) is recommended to be 20:
The correlation factor α was used to consider the effect of the vortex produced between the top of the foundation and the initial bed level. The value of α is between 0·00 and 1·00.
As long as the principal vortex reaches the outer top edge of the foundation, part of the foundation will also be exposed to the flow. In such a scenario, the methodology for computing the temporal variation of the scour depth is based on the effect of the principal vortices in front of both the abutment and the foundation. As indicated in Figure 10 , the principal vortices are classified in three groups: the vortex in front of the abutment and on the initial bed level (A 0 ), the vortex between the top of the foundation and the initial bed (A st,I ) and the vortex in front of the foundation (A st,II ). The principal vortex between the initial bed and the top of the foundation (A st,I ) is a function of the foundation level (Z f ) and the dimensions of the foundation in front of the abutment (B u = (B f − B)/2). Then, a correction factor of K should be used to consider the effect of both Z and B u on A st,I . The total area of the principal vortices (A t ) can be expressed as
21:
For a compound abutment, the area of the vortex above the initial bed (A 0 ) is similar to that of a uniform abutment and can be estimated using Equation 11. However, Equation 13 was employed to calculate A st,II in the following equation, Figure 11 . Geometric definition of a scour hole at a compound abutment 
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where the scour depth in this area is equal to d st − Z
22:
A st;II ¼ 1 2
A trapezoidal shape was assumed for calculating the vortex area in the region of A st,I as 23:
From Figure 11 and Equation 6, the following equations were developed for compound abutments to estimate the scour volume per unit width of scour (q vtc )
In each step, the numerical solution can be used to calculate the d st in this equation. Table 2 shows the results of all of the experiments for both uniform and compound abutments. AB and FA were used for uniform and compound abutments, respectively. For the compound abutments, Z f is located in the range of 0 to 2L (cases II and III).
Results and discussion
As mentioned previously, a time lag occurs in the scour process due to the effect of the foundation in case III. To estimate the total required time lag, the equivalent scour depth (d es ) and its coefficient (α) should be determined. As shown in Figure 12 , the collected data were used to estimate this coefficient. The following equation was suggested for α
The result indicates that for Z f = 0, α is equal to 1·0 and the value of α decreases with increasing foundation level (Z f ). For cases II and III (0 ≤ Z f < 2L), the time lag depends on both B u and Z f . According to Equation 20, for a large foundation (high value of B u ) at bed level (α = 1), the time lag is large and local scour may never occur upstream from the abutment. Hjorth (1975) reported that if the upstream extension of the foundation becomes larger than two times the pier width, it is expected to completely protect the portion of the bed upstream from the pier from the horseshoe vortex created by the pier. For case I (Z f > 2L), the effect of the foundation is eliminated and the value of α is equal to 0·0. In this case, the temporal variation of local sour at the compound abutment is similar to that of a uniform abutment.
Values of K were proposed to consider the effect of the foundation level (Z f ) and its dimension (B u , Figure 9 ) on the scour depth due to the influence of the principal vortex between the top of the foundation and the initial bed. As shown in Figure 13 , the data were categorised in two groups, and the following equations were recommended for the variation of K based on Z f /L and B u /L:
27:
Finally, the computation of the temporal variation of scour depth can be carried out as per the flowchart modified from Kothyari et al. (1992) , as shown in Figure 14 . Ballio and Orsi (2001) Dey and Barbhuiya (2005) Dongol (1994) Present study +15% -15% Figure 16 . Comparison between the observed and computed scour depths at a uniform abutment using the proposed method Figure 17 . Comparison between the observed and computed scour depths at a compound abutment using the proposed method
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Predicting scour at river bridge abutments over time Mohammadpour, Ab. Ghani, Zakaria and Mohammed Ali PROOFS 8.1 Time variation of local scour at a uniform abutment Figure 15 shows a comparison between the observed and calculated temporal variations of scour depth at a uniform short abutment using the data from
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Cardoso and Bettess (1999), Ballio and Orsi (2001) , Dey and Barbhuiya (2005) and the present study. Most of the runs in this figure correspond to long-duration experiments. The scour depth and time were normalised using the abutment length (L) and the equilibrium time (t e ), respectively. Good agreement was found between the computed scour depth and the observed data. The best result can be obtained if the bed-shear stress at the nose of the abutment is approximately equal to or a little less than the critical shear stress. Then, the calculations continued until the difference between u *t and u *c was between 0·07 and 0·1. Figure 16 shows a comparison between observed and predicted scour depth using the proposed method. The data given by Dongol (1994) , Ballio and Orsi (2001) , Dey and Barbhuiya (2005) and the present study were employed for this comparison. The collected experimental data cover a wide range of variables, such as the abutment length ratio (L/y) ranging from 0·16 to 1·00, the sediment coarseness (L/d 50 ) ranging from 10 to 462 and the flow intensity (U/U c ) ranging from 0·95 to 1·00. As shown in Figure 16 , the presented model predicts the temporal variation of scour depth with high accuracy. The accuracy of the model for predicting local scour at abutments with short lengths and low scour depths (with d s < 25 cm) is better than those for long abutments with large scour depths (d s > 25 cm). Figure 17 shows a comparison between the computed temporal variation of scour depth at a compound abutment and the corresponding observed data in the present study. A perfect agreement was obtained between the computed and observed data for most tests. The presented method mostly predicts the scour depth with high accuracy. The results show that the foundation decreases the scour depth when it is placed at a suitable depth. For example, in FA 33, increasing the foundation level from 1·0 cm (Z f /L = 0·14) to 7·0 cm (Z f /L = 1·00) decreased the scour depth ratio (d s /L) from 1·73 to 1·07 (Table  2 ). Compared to the uniform abutment, the best result at the compound abutment was also observed when the difference of u *t and u *c was between 0·07 and 0·1. Thus, the proposed method in this paper can be practically employed to design a proper foundation level for a compound abutment.
Time variation of local scour at a compound abutment
Conclusions
In this study, the temporal variation of local scour at short uniform and compound abutments (L/y < 1) was investigated experimentally under clear water conditions. An empirical method has been presented for predicting the temporal variation of local scour at uniform abutments based on the technique proposed by Mia and Nago (2003) . The proposed method has produced an accurate prediction of the temporal variation of scour depth at uniform abutments for the data collected from the present study and previous studies.
Another empirical method has been developed for computing the temporal variation of scour depth at compound abutments while the top of the foundation is located below the initial bed level. To discuss this paper, please email up to 500 words to the editor at journals@ice.org.uk. Your contribution will be forwarded to the author(s) for a reply and, if considered appropriate by the editorial panel, will be published as discussion in a future issue of the journal.
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